When hybridization modifies the genetic constitution of individuals or populations, the stability of phenotypic development may either decrease or increase, depending on the divergence in the gene systems that control the development between the hybridizing taxa, i.e. on the relative effects of outbreeding and heterosis. In genetically closely related species, strong heterotic effects are less likely to occur, and hence hybridization may be expected to cause an overall decrease in developmental stability (DS) resulting from the disruption of coadapted gene complexes. To test this hypothesis, we experimentally crossed two closely related species of Ceratitis fruit flies and compared multiple-trait fluctuating asymmetry (FA, a measure of DS) in male and female offspring between parental species and two crossbred types. All traits measured play an important role in the fanning and buzzing behaviour associated with male courtship in Ceratitis, or are located on body parts involved in this behaviour. As predicted, hybrid offspring developed more asymmetrically than offspring of either parental species -most notably in meristic traits -and the increase in FA was consistently and significantly stronger in females than in males. The fact that males buffered their development more efficiently than females is in concordance with the presumed between-sex variation in functionality, and hence cost of asymmetry, of the measured traits. Absence of a similar sex difference in DS among parental offspring is believed to result from overall weak association between DS and FA in the absence of genetic stress, resulting from the random nature of the underlying processes that trigger asymmetric development.
INTRODUCTION
The genome of an organism is generally considered to comprise a set of harmoniously collaborating genes, combined and preserved by selective processes over the evolutionary history of populations. The resulting genetic balance (often referred to as genomic coadaptation) reflects non-additive effects both acting within loci (dominance and overdominance) and between loci (epistasis) (Alibert & Auffray, 2003) . Although individual-level effects of these genomic processes are generally studied in terms of fertility and survival (Clarke & McKenzie, 1987 Barton & Hewitt, 1989; Arnold & Hodges, 1995; Barton & Shpak, 2000) , the precision by which genes and gene complexes mutually interact may also affect the level of developmental stability (DS) of an individual, defined as the ability to buffer its developmental pathways against random perturbations of genetic or environmental origin (e.g. Graham, 1992; Clarke, 1993; Auffray, Debat & Alibert, 1999) . In synergy with other homeostatic processes, DS constitutes a major process involved in the reduction of phenotypic variation between and within environments (Debat & David, 2001; Davidowitz & Nijhout, 2003) . The degree of DS of an organism (or population) is most commonly estimated by its level of fluctuating asymmetry (FA), defined as the magnitude of small random deviations from perfect symmetry in one or more bilateral traits (Palmer, 1994) . Within an organism, both body sides develop according to the same genetic program, and (most often) under identical environmental conditions. Hence, any difference in development (size, shape, number of ornaments) between both sides of a bilateral trait can be assumed to reflect the intrinsic variability of the developmental process (Zakharov, 1992) .
When molecular processes such as introgression, mutation, or intense directional selection modify the genetic constitution of individuals or populations, their levels of DS may either decrease or increase, depending on the relative importance of two interrelated properties, i.e. genomic balance and genomic heterozygosity (Clarke, Oldroyd & Hunt, 1992; Clarke, 1993) . Disruption of coadapted gene complexes resulting from the merging of different genomes (e.g. in the case of hybridization) generally leads to a reduction of DS. In contrast, increased genome-wide heterozygosity in hybrid offspring can be expected to enhance DS, either through allelic dominance (masking the expression of deleterious recessive alleles), or through increased efficiency of particular biochemical or physiological processes (overdominance; Vrijenhoek & Lerman, 1982; Leary, Allendorf & Knudsen, 1984; Mitton & Grant, 1984; Mitton, 1993) . Although relationships between DS and heterozygosity were long considered to be theoretically and practically flawed (e.g. Clarke, 1993) , the number of studies supporting increased DS in inter(sub)specific hybrids is currently growing (Alibert & Auffray, 2003) .
At present, however, there is no theoretical framework that predicts under which conditions the merging of parental genomes in hybrids will lead to developmental outbreeding or heterosis, apart from the assumption that the outcome depends on the degree of divergence in the gene systems controlling development in the hybridizing taxa (Vrijenhoek & Lerman, 1982) . Under high genomic similarity of parental taxa, the increase in genome-wide heterozygosity in their hybrid offspring can be expected to be low, making strong heterotic effects unlikely. Under increasing genetic divergence, heterozygosity in hybrids can be expected to increase, but so may the level of incompatibility of the gene systems controlling development. Reported relationships between the taxonomic status of hybridizing groups and DS of hybrids are highly heterogeneous, suggesting that the links between divergence at protein loci (genetic distance) and divergence at regulatory loci (i.e. assessed by DS) are not consistently straightforward. The strength of relationships between genetic stress and DS may further differ between traits exhibiting different levels of functional importance. As functionally important traits are likely to be subject to stronger canalizing selection than less important ones, one should expect to find the former to exhibit a lower degree of FA because higher asymmetry would have stronger fitness consequences (Palmer & Strobeck, 1986; Clarke, 1998; Debat et al., 2000; Garnier et al., 2006) . Such trait-specific variation in selection pressure has been invoked as one mechanism reducing between-trait correlations in asymmetry at the individual level (Clarke, 1998) .
In this study we compared levels of developmental stability, by means of multiple-trait FA, between parentals and lab-reared F 1 hybrids of two closely related polyphagous fruit-fly species [Ceratitis (Pterandrus) rosa (Karsch, 1887) and Ceratitis (Pterandrus) fasciventris (Bezzi, 1920) ]. Both species belong to a monophyletic clade within the subgenus Pterandrus (Barr & McPheron, 2005) , and, together with Ceratitis (Pterandrus) anonae (Graham, 1908) , form the FAR species complex (Barr et al., 2006) . Although males of both species can be differentiated by secondary sexual traits, females are very difficult to identify at species level (De Meyer & Freidberg, 2006) . Recent molecular work also revealed little genetic divergence between the three taxa, rendering them difficult or impossible to separate by using nuclear and mitochondrial markers such as COI, 16S, ND6, and Period (Barr et al., 2006; M. Virgilio, unpubl. data) . Apart from their phenotypic and genotypic resemblance, FAR species further share a highly similar host profile, showing distinct fruit-host partitioning in comparison with related polyphagous species such as Ceratitis capitata (Wiedemann, 1824) and Ceratitis cosyra (Walker, 1849) (Copeland et al., 2006) . By selecting two parental species that show low genetic divergence, we expected weak heterosis in interspecific hybrids that cannot balance possible outbreeding effects caused by the disruption of coadapted gene complexes. Within this framework of increased genetic stress, we compared levels of FA in parental and hybrid individuals in a suite of metric and meristic traits that are associated with male courtship behaviour in Ceratitis. As no such functionality is known for females, we predicted a weaker increase in FA in male hybrid offspring than in females, compared with parental offspring, because of stronger developmental buffering in the males.
MATERIAL AND METHODS

STUDY SPECIES
Both study species belong to the Afrotropical fruit-fly genus Ceratitis (Diptera: Tephritidae). Most representatives of this genus (sized 4-8 mm) have pictured wings (yellow to brown bands), and several are of economic importance (White & Elson-Harris, 1992) . Males bear different sexually dimorphic characters, such as modified orbital bristles or setal ornamentation of the legs (De Meyer, 1999) . Species C. rosa and C. fasciventris have a largely allopatric distribution and only co-occur in the Central Highlands of Kenya, possibly following a recent introduction of C. rosa from the coastal region (Copeland et al., 2006) . Interspecific hybrids have not (yet) been observed in the wild.
For this study, parental individuals originating from continuous breeding lines regularly supplemented with wild congeners from allopatric populations (C. rosa from South Africa and C. fasciventris from Kenya) and hybrid F 1 offspring were provided by the International Atomic Energy Agency (IAEA, http://www.iaea.org). The IAEA has long-standing expertise in breeding fruit-fly species under (near) optimal conditions for sterile insect techniques. Females of both species are nearly impossible to separate, although scutellar markings can be used to some degree. However, parental stocks of both species originated from allopatric areas, hence comprising singlespecies lineages that were reared in isolation. As individuals of opposite sex were selected from each population during cross-breeding, the species-specific status of each individual was unequivocally known.
Adults were kept in cages of 11 cm ¥ 11 cm ¥ 15 cm and fed a standard artificial diet of sugar and yeast (G. Franz, pers. comm.) . Females were allowed to lay eggs into grapes, which were then transferred to Petri dishes with standard artificial larval diet until full larval development. Third instars were collected in sand where they pupariated. We measured male and female offspring of two cross-bred types, i.e. male C. fasciventris ¥ female C. rosa (hereafter referred to as H1) and male C. rosa ¥ female C. fasciventris (H2), and compared these with male and female offspring of parental crosses of C. fasciventris (P1) and C. rosa (P2).
MEASUREMENTS
A total of 394 specimens from the following eight groups were measured: P1 males (51 individuals), P1 females (52 individuals), P2 males (50 individuals), P2 females (34 individuals), H1 males (51 individuals), H1 females (50 individuals), H2 males (53 individuals), and H2 females (53 individuals). In each individual, seven bilateral traits were measured, four of which were metric and three were meristic. Metric traits comprised femur length of the second and third leg pairs (Fig. 1C, D) , and two distance measures between wing veins (Fig. 1A) . Meristic traits comprised the number of setae on the caudal tibia side of the second leg pair (Fig. 1E ) and on the rostral tibia side of the third leg pair (Fig. 1F) , and the number of setulae on the ventral side of the R1 wing vein (Fig. 1B ). All measured traits play an important role in the fanning and buzzing behaviour associated with male courtship in Ceratitis species, or are situated on body parts involved in the behaviour (Eberhard, 1999; Yuval & Hendrichs, 1999; Quilici et al., 2002) .
All measurements and counts were carried out by the first author. Prior to measurement, specimens were preserved in 98% ethanol. Alcohol immersion can result in setae becoming detached from the main structures, although less so than in dry-preserved specimens, but only after rough handling. However, the setal implant remains discernible and can be used for meristic counts. Furthermore, sclerotized structures and wing surfaces are not known to alter in size as a result of alcohol conservation. Right and left wings and second and thirds leg pairs were dissected, briefly immersed in glycerol, and subsequently mounted on microscope slides in glycerol gelatin. Images were captured by a Leica MZ12s stereomicroscope (Leica Microsystems, http://www. leica-microsystems.com) equipped with a Toshiba 3CCD camera and AUTO-MONTAGE PRO software (SYNCROSCOPY version 5.01; Synoptics, http://www. synoptics.co.uk). Optical magnification was 10 ¥ 6.3 for all measurements and counts on legs, and 10 ¥ 5.0 for all measurements and counts on wings (additional optical magnification, 2¥). Linear measurements were performed with IMAGE PRO PLUS software (Media Cybernetics, http://www.mediacy.com) using the Best fit line commando based on the number of pixels per line (one pixel per unit). Measurements and counts of either side of the bilateral traits were made repeatedly and independently (sequence left-right-left-right or right-left-right-left). Seven outliers (on a total of 2758 measurements) were visually detected and excluded from further analysis.
FA ESTIMATION
We carried out mixed regression analysis with restricted maximum likelihood (REML) parameter estimation to separate real asymmetry (signed FA, i.e. left minus right trait value corrected for trait size) from measurement error (ME) (Van Dongen, Molenberghs & Matthysen, 1999a) . The significance of FA was obtained from likelihood ratio tests, whereas directional asymmetry (DA) was tested by F-tests with adjusted denominator degrees of freedom (Satterthwaite's procedure; Verbeke & Molenberghs, 2003) . FA cannot be separated with high statistical power from antisymmetry (AS). However, a leptokurtic distribution of the signed FA values is generally considered to be indicative for the presence of antisymmetrical individuals in a population (Palmer & Strobeck, 1992; Van Dongen, 1998 ; see Rowe, Repasky & Palmer, 1997 for a comparable approach). Following D'Agostino (1986), we compared the kurtosis of the signed FA values in each subsample against a critical k-value calculated as: with N = sample size, X = sample mean, Xi = value for individual i, and SD = standard deviation of the sample. Unbiased individual FA estimates were calculated as deviations of random slopes from the fixed-effects slope in the mixed regression model described above (Van Dongen et al., 1999a) , and were standardized to zero mean and unit variance. To examine whether signed FA values of different traits were correlated at the individual level (i.e. indicative for correlated development; Van Dongen, Sprengers & Lofstedt, 1999b), we calculated Pearson's correlation coefficients.
HYPOTHESIS TESTING
As all analyses involved repeated measurements at the individual level (i.e. seven traits measured per fly), we performed mixed regression analysis with repeatedmeasure structure using Proc Mixed in SAS (Little et al., 1996) . Although such a routine generally produces results comparable with those obtained using composite indices of FA (see Leung, Forbes & Houle, 2000) , pseudoreplication is avoided because the degrees of freedom reflect the number of individuals rather than the number of traits*individuals (Van Dongen et al., 1999a) . Based on Akaike's information criteria, a compound symmetric model best described the covariance among the seven traits. The estimated covariance (rs 2 = 0.013) indicated weak withinindividual correlation in unsigned FA values. The initial model included standardized FA as a dependent variable, and the factors 'sex', 'hybridization' (parental or hybrid), 'type' (meristic or metric), and the two-factor interactions 'sex*hybridization' and 'type*hybridization', as fixed effects. To test whether additive and interactive effects were consistent among traits and/or groups, we added the factors 'trait' (nested within 'type'), 'group', and the 'trait*sex', 'trait*hybridization', 'trait*sex*hybridization', 'group*sex', and 'group*type' interactions, as random effects to the model. Applying a stepwise backward selection procedure, the statistical significance of variance components was tested by likelihood ratio tests. Fixed effects were tested by F-tests, adjusting the denominator degrees of freedom by Satterthwaite's formula (Verbeke & Molenberghs, 2003) .
RESULTS
VARIANCE COMPONENTS AND DISTRIBUTION
OF THE SIGNED FA After Bonferroni correction for multiple testing, the mean FA levels only significantly differed from zero in two out of 56 group-by-trait combinations, i.e. femur length of the third leg pair in female P2 offspring, and the distance measure between wing veins (vl2) in male P1 offspring (Table 1 , all other P > 0.05). As both traits did not show DA in any of the other groups, and as the number of P2 females was small relative to the other groups, both subsets were retained for further hypothesis testing after correction of the corresponding FA values for DA. The platykurtic distribution of the signed FA values did not support the presence of antisymmetric individuals in any of the populations (Table 1 , all values > critical k). Based on the comparison of REML values of models with and without random side-effects, FA estimates were highly significant for all group-by-trait combinations after Bonferroni correction (Table 1 , all V FA > VME and all P < 0.001). As signed FA values were not significantly correlated between traits (Pearson's correlation, all P > 0.05 after Bonferroni correction), traits were assumed to have developed independently from each other.
EFFECTS OF HYBRIDIZATION ON UNSIGNED FA
On average, hybrid offspring were significantly more asymmetric than parental offspring ( Table 2 ). The level of increase in FA was significantly higher for females than for males (Fig. 2) , as supported by a significant sex*hybridization interaction (P = 0.035). This pattern was largely consistent among traits (trait*sex*hybridization interaction not significant, Table 2 ). Although male and female offspring did not differ in FA averaged across traits, the significant random trait*sex interaction (P = 0.012) indicated variation across traits in the level of differences between sexes. After Bonferroni correction, trait-bytrait comparison showed significant sex effects in three out of seven traits in parental offspring (number of setae on the caudal tibia side of the second leg pair and both distance measures between wing veins) and one trait in hybrid offspring (number of setae on the caudal tibia side of the third leg pair). The direction of the difference between sexes was, however, not consistent among traits (Fig. 2) . The level of increase in FA in hybrid offspring was significantly higher for meristic than for metric traits (Fig. 2) , as supported by a significant type*hybridization interaction (P = 0.0014, Table 2 ).
DISCUSSION
When C. rosa and C. fasciventris were experimentally crossed under laboratory conditions, hybrid offspring showed a higher degree of asymmetrical development than offspring of each of the parental species, in particular in meristic traits. Such a pattern supports the hypothesis that heterotic effects cannot balance outbreeding effects caused by the disruption of coadapted gene complexes in interspecific offspring bred from closely related species. As both species are morphologically and genetically very closely related, and share the same natural host profile (Copeland et al., 2006) , their hybrids can be expected to share similar environmental (host) requirements under artificial breeding. Nevertheless, the average decrease in DS among hybrids may also have partly reflected increased environmental stress. Traditionally, natural hybridization has been considered maladaptive, leading to natural selection against hybrid offspring (Mayr, 1963) . However, Arnold & Emms (1998) provide an overview of examples where hybrids, despite demonstrating a lower fitness, gave rise to new evolutionary lineages. In Tephritid fruit flies, that often show a close relationship and specificity with host plant species, this may eventually lead to host plant shifts. Although such a mechanism has recently been put forward to explain homoploid hybrid speciation in the genus Rhagoletis (Schwarz et al., 2005) , the evolutionary consequences of hybridization in the genus Ceratitis (comprising both polyphagous and strictly stenophagous clades; De Meyer, 2001 , 2005 remain unknown. The inverse effect of hybridization on developmental stability was stronger in female than in male offspring, indicating that individuals of the latter sex more efficiently buffered their development against destabilizing effects. This pattern was consistent among traits. Similarly, female hybrids of Drosophila melanogaster (Meigen, 1830) ¥ Drosophila simulans (Sturtevant, 1919) (Diptera: Drosophilidae) were more asymmetric than male hybrids (Markow & Ricker, 1991) . Because natural selection can be expected to favour mechanisms that maximize fitness, the development of traits that contribute more directly to an individual's reproductive success or survival should be buffered more effectively against random perturbations (Palmer & Strobeck, 1986; Clarke, 1998) . Likewise, if the functional significance of a given set of traits varies between males and females, associations between developmental stability and stress can be expected to differ between sexes (see Hunt et al., 1998 for a similar argument when asymmetry in secondary sexual traits reduces male mating success). As all traits analysed in this paper play an important role in the fanning and buzzing associated with male courtship behaviour in Ceratitis species (although no such behaviour has been observed in females; Eberhard, 1999; Yuval & Hendrichs, 1999; Quilici et al., 2002) , the fitness costs resulting from asymmetric development, if any, can be expected to be higher for males than for females. Studies on other organisms detected opposite sex differences, e.g. resulting from higher levels of energetic or nutritional stress in the larger (male) sex (Clutton-Brock, Albon & Guinness, 1985; Sheldon et al., 1998) or presumed antagonistic effects of male steroid hormones on developmental buffering (Zuk et al., 1990; Folstad & Karter, 1992; Sheldon et al., 1998) .
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Although the observed difference in DS under genetic stress was, indeed, in the direction predicted by the hypothesis of trait functionality, a similar pattern might have been expected among parental offspring. The fact that such a pattern did not emerge may reflect a problem common to many FA studies, i.e. an overall weak association between DS and FA arising from the random nature of the underlying processes that trigger asymmetric development (Lens et al., 2002) . Because of this weak association, developmentally unstable individuals may display low FA under favourable conditions (environmentally, genetically, or both) when the presumed levels of developmental noise are low. Under enhanced levels of genetic or environmental stress, individuals face increasing energetic problems associated with maintaining high levels of DS (Palmer, 1994; Leung & Forbes, 1997) , and developmentally unstable individuals become unmasked by elevated levels of FA. Similarly, populations of birds and butterflies exposed to increasing levels of environmental stress showed stronger relationships between genetic stress and FA (Lens et al., 2000; Kark et al., 2001) . In our study, hybrid offspring were raised in a common environment with the parental species, thereby largely ruling out additional interactive effects between environmental and genetic stress. Absence of significant correlations in signed FA among different leg and wing measures suggests that traits represented developmentally independent units, and hence were not morphologically integrated (Van Dongen et al., 1999b) . Morphological integration has formerly been observed in the mandibles of the mouse jaw (Leamy, 1993) , limbs of nine mammalian species (Hallgrimsson, 1998) , legs of two moth species (Van Dongen et al., 1999b) , and in traits related to locomotion in greenfinches Carduelis chloris (Karvonen et al., 2003) . Although mechanistic explanations are generally lacking, correlations in signed FA values are assumed to confound the interpretation of patterns in the unsigned FA (Van Dongen et al., 1999b) . The estimated covariance between the unsigned FA values was also low, indicating that single-trait FA only poorly predicted organism-wide asymmetry resulting from the absence of an individual asymmetry parameter (IAP; Palmer & Strobeck, 1986; Clarke, 1998; Debat et al., 2000) . Whereas the described relationships between FA, hybridization, and sex were largely consistent among traits, effect sizes were on average larger for meristic than for metric traits. Although this is consistent with the outcome of a meta-analysis examining effects of trait type, habitat, stressor, and taxonomic group on the strength of FA-stress relationships (Lens et al., 2001) , how general this pattern is remains unknown because of the small number of experimental studies that directly compare relationships between both trait types. It has been suggested that shape FA may comprise a more sensitive measure of stress than metric or meristic traits (Auffray et al., 1996; Knierim et al., 2007) ; however, empirical confirmation is still required. In the absence of a conceptual framework that predicts which (types of) traits are most likely to be prone to developmental perturbations from external (environmental) or internal (genetic) origin, results from this study therefore endorse the use of FA estimates based on multiple body traits, at least some of which should be meristic.
Apart from trait type and non-additive effects of different types of stressors, heterogeneity in reported relationships with FA is believed to result from heterogeneity in statistical accuracy (Lens et al., 2002) . Here, we applied a statistical routine that combines information from a suite of developmentally uncorrelated traits without perpetrating pseudoreplication, and this allowed us to distinguish FA from measurement error and other types of bilateral asymmetry that are known to hamper the proper interpretation of patterns in developmental stability (Lens et al., 2002) . Hopefully, the increased use of analogous protocols will further reduce the degree of statistical noise, and hence will increase the likelihood of revealing the true underlying patterns between population and individual levels of DS, genetic and environmental stress, and fitness.
